The forms of the quanitative relationship between temperature and the responses of animals to light might be expected to differ according to the aspect of reaction which is measured as index of excitation. Thus in the clam Mya (Hecht, 1919-20, a) the primary photic excitation process for siphon retraction has a very low temperature coefficient such as is characteristic of photochemical changes, while the ensuing transformation occupying the sensory latent period shows (Hecht, 1918-19) a critical increment t~ = 19,680, which is t~q)ical of certain sorts of ordinary chemical phenomena.
nerve conduction (Maxwell, 1907) reveal more than one participating process. It should be stated that in some of the papers referred to the graphs giving the=effect of temperature are quite misleading,
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Fie. 1. The velocity of movement in Nect ur us exposed to light, as a function of temperature (data from Cole, 1922-23) . The critical thermal increment is ~ = 7,770.
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FIG. 2. The critical increment (~ = 18,400) for refractory period in frog ~torius (data from Bazett, 1907-08) .
because time occupied by the process is considered, rather than (as should be the case) the velocity or reciprocal of this time.
A critical increment of this order (7,500 ±) is, however, associated with certain aspects of "n~rve center" (ganglion cell ?) activity.
Cooper and Adrian (1924) have shown that when the frog spinal cord is cooled, the muscles remaining at room temperature, the distinctly larger variations in the electromyogram become fewer (although the frequency of total number of vibrations is sensibly constant); their interpretation is, that the number of ganglion cells which can discharge in unison is decreased by lowering the temperature. Piper's (1910) figures give for this frequency (in the neck retractor muscles of tortoise) g = 7,400. The figures tabulated by Cooper and Adrian (1924) give u = about 8,900. The critical increment obtained with the reaction of Necturus probably has reference to the activity of the central nervous system, rather than to any property of the excitation process or of the musculature.
The general view-point to which such considerations as these may lead is important for the comprehension of phototropic behavior. It is probable that the relations of temperature to quantitative response may be used to analyze the connection between properties of the stimulus and the amplitude of reaction. The problem of the reversal in the direction of phototropic conduct which is in certain cases (Loeb, 1893; 1918) determined by lowering or by raising the temperature, is only remotely implicated. What is required is an understanding of the nature of the connection between the external stimulus and the amplitude of the induced orientation.
PIIOTOTROPIC CIRCUS MOVEMENTS OF LIMAX
This matter is most conveniently approached through the consideration of "circus movements." But before measurements of phototropic circus movements can be applied to the prediction of the paths expected in normal orientation, it is necessary to know rather definitely the precise mechanism of the orientation process. Otherwise it is impossible, for example, to select the proper units in which to measure the circus movement effect. The few studies of circus movements thus far available (Minnich, 1919; Cole, 1922) do not fully satisfy this requirement.
The question involved is, at bottom, this: knowing in a particular case the orienting effect of light as exerted through each of two symmetrical photoreceptors, to predict quantatively the orientation induced by illumination of both. Data for the solution of this problem have not yet been made available, though the point is a fundamental one for phototropism theory. Since in several forms studied the orientation effect with the organism illuminated from one side only is proportional to the logarithm of the light intensity (Cole, 1922; Hartline, 1923-24) , and hence perhaps reflects the logarithmic relation between light intensity and primary excitation (Hecht, 1919-20, b; 1922-23;  Cf. also Moore and Cole, 1920-21) , Hartline (1923-24) has suggested that the amount of orientation under differential illumination of both sides of an animal should be proportional to the logarithm of the ratio of thetwolightintensifies. Thiswouldinvolve the assumption that the net result is an algebraic summation of two opposed orienting tendencies, without the intervention of any central nervous complication; in fact, a somewhat better agreement with observation is given by a different formula (M. M. Moore, 1923-24) , which, however, has no obvious physical meaning. There is also involved a difference in units of measurement. Orientation under asymmetrical excitation has been computed in terms of degrees deflection per unit length of path (Minnich, 1919; Cole, 1921-22; I-Iartline, 1923-24) , while amplitude of orientation under opposed differential beams has been measured as angle only (Patten, 1914; Loeb and Northrop, 1917; Northrop and Loeb, 1922-23) . It is not clear that the two measures are necessarily commensurate. And in particular, full information has been lacking as to the two phenomena, circus movement effect and orientation under opposed lights, so far as one animal is concerned. This information we (Crozier and Cole, 1922, a; 1921-22, b; 1923) expect to go some way toward supplying for the gasteropod Limax maximus.
II.
In dealing with phototropic circus movements of Limax (Crozier and Cole, 1923) it became important to know the relation between temperature and the differential muscle contractures on either side of the body. Asymmetrical tonus, continuously maintained, is responsible for the execution of a circular path when a Limax from which one eye-tentacle has been removed creeps under vertical illumination. The fact that the effector parts having to do with locomotion (the pedal surface) and with turning (parietal muscles) are totally separate from one another, makes it possible with such gasteropods (Arey and Crozier, 1921) to pay due observance to the necessary distinction between creeping and turning.
It was found by Crozier and Cole (1923) that in the performance of circus movements the actual amount of turning, measured in degrees of deflection per cm. of path pursued, isrelated to the velocity of creeping. A high velocity of linear progression is associatedwith a low expression of the turning tendency, while slow creeping is associated with a large amplitude of turning. This might arise from central nervous interrelations of the two mechanisms respectively having to do with turning and with creeping, as a kind of reciprocal inhibition; or the relation might arise in a more directly mechanical way. In any case, since something is already known as to the critical thermal increment for the pedal mechanism (Crozier and Pilz, 1923-24) ,the effect of temperature upon circus movement should tell something as to the nature of the interplay between the activities of the creeping organ and of the parietal elements concerned with the bending of the body.
A clear understanding of this matter is essential before one is able to say to what extent the amplitude of an orientation movement due to enforced asymmetrical excitation may legitimately be taken as a measure of the photosensory effect.
The experiments have given a result somewhat unexpected, which, however, seems significant not only for the question immediately concerned, but also for some more general phases of behavior study.
Individual slugs of known size and weight, about 70 animals in all, had either the right or the left eye-tentacle removed. These individuals ranged between 0.3 and 14.0 gin. Beginning several days subsequent to the removal of one eye-tentacle and its eye, they were allowed to creep under a constant vertical illumination. With these conditions, Limax tends to circle smoothly and continuously toward the de-eyed side, since the animal is negatively phototropic. The precautions necessary to insure significant results in such experiments are discussed in a succeeding paper (Crozier and Cole) . In the present experiments the animal creeps upon a moistened glass plate, 45 era. in diameter, beneath which is white paper bearing a system of circular and radial coordinates. Creeping is begun (in a straight line) before the light is admitted. The trail pursued while creeping is copied upon a similarly prepared record sheet, scale 1:4; this is done by observing continuously the movement of a morphologically defined point near the apex of the slug's mantle from the moment orientation begins. A trail of about 20 cm., requiring 3 minutes for execution, is usually taken. The exact duration of each observation is obtained with a stop-watch. On the copy of the trail the total length of the path, and the angular displacement of a tangent to the path, are subsequently measured. As the movements of the slug are very slow the record of the trail is obtainable with a satisfactory degree of precision.
The experiments were carried on in a dark chamber. The temperature of the room was controlled by electric heating elements, and by the liberal use of ice. For the lowest temperatures employed the observation stage was surrounded with cracked ice, and the stage (at the bottom of a large glass cylinder) was closed by a glass cover. The temperature was constant within 0.2°C. As source of light a 400 watt concentrated tungsten filament was used, in conjunction with a special glass filter excluding the infra-red but practically non-selective in the visible spectrum. The lamp was mounted in a ventilated "house," the filament in the axis of the observation Stage. The stage was surrounded by a white cylinder of bristol board, 20 cm. high.
On the creeping platform the photic intensity was about 135 m.c. The mean deflections obtained at this intensity agree very precisely with the results at corresponding temperatures with a different lot of animals a year previously (by Crozier and Cole) . A small correction for the effective light intensity can be applied by means of measurements of the height of the eye above the creeping platform. This is on the assumption, probably correct but not rigorously demonstrated, that the eye is the essential receptor in the circling response. With the aid of curves giving the relations between the length and weight of individual and the elevation of the eye, the mean elevation was obtained for the animals employed in these tests and this correction (0.7 cm.) was deducted from the measured distance between the incandescent filament and the observation stage.
The slugs were kept in separate glass jars with a little moist decaying wood. They may thus be maintained in an active state for several months, and their individual peculiarities of response studied at leisure. With this side of the, matter we are not at present concerned, save to state that the mean results upon which reliance is placed show a very satisfactory degree of consistency.
The data forming the basis of this discussion result from the analysis of 206 trails, not including the large number involved in the previous experiments of Crozier and Cole (1923) . From the nature of the record taken, each of these trails itself yields an average measure of orientation.
IV.
The average "circus movement effect" is best estimated by the ratio Degrees total deflection Centimeters length of path"
This gives a means of numerically expressing the differential bilateral muscle tensions which determine the orienting posture. This measure has particular significance because the posture is continuously maintained during the circling movement (Figs. 4 and 5 producing differential musle tensions. With arthropods the tensions of locomotor muscles on the one hand, and on the other the matter of the rapidity of their phasic contractions, have sometimes been preposterously confused (Mast, 1923-24) . Fig. 5 shows that under constant illumination the expression of the circus movement varies profoundly with the temperature. So also does the speed of creeping (Fig. 6) . The amplitude of bending and the speed of progression vary reciprocally. On either This curious situation may perhaps be understood in several ways. The interpretation which follows seems to us at present the most useful and reasonable. It should be remembered that there may be involved the effects of temperature upon at least (1) the primary photic excitation; (2) the neuromuscular effect of this excitation as expressed in (a) the release of the pedal creeping mechanism, and (b) in the tendency to turn; (3) the presumptive nervous interrelations between (a) and (b) ; (4) the intrinsic activity of the creeping organ, and of (5) the parietal muscles which produce turning.
II F •
Inasmuch as the temperature coefficients are high, it is quite unlikely that any influence upon the photochemical processes of excitation is directly implicated. The low temperature coefficient for the primary photochemical process (Hecht, 1919-20, a) allows us to regard this element as constant throughout. Moreover, since the temperature coefficients for the net results suffer change of sign at about 15 ° , the phenomena are clearly complex. Below 15 ° , the degree of turning increases as the temperature falls. Above 15 ° the temperature coefficient for the creeping element of the response is negative, yet it is known that the free activity of the pedal organ increases as the temperature increases (Crozier and Pilz, 1923-24) .
We may notice first that on either side of 15 ° the amount of turning, the measure of the circling posture, is in a rough way inversely proportional to the speed of creeping. But at a given speed of progression the amount of turning is very nearly twice as great above 15 ° as below this temperature. Above 15 ° , therefore, the circling posture seems to be in control of the final result.
The differential of bilateral body tonus is so related to the temperature, above 15 ° , that the measure of the turning posture is proportional to the exponential of the reciprocal of the absolute temperature (Fig. 7) . This is the relation required by the Arrhenius equation for velocity of chemical reactions (Arrhenius, 1889;  of. Crozier, 1924-25) This result is taken to signify that the amplitude of the maintained turning posture is determined (under constant stimulation)by the velocity of a chemical process. This cannot be a matter simply of intrinsic muscle tonus, for in the pedal muscle fibers, at least, the temperature coefficient for magnitude of contraction is negative (Crozier and Pilz, 1923-24) . It depends upon the continuous action of the orienting light. From the nature of the experiment the acting light intensity does not change as the animal moves. If the light be interrupted, the circling response stops almost instantaneously, and the slug either ceases to creep or follows a more or less straight and random course. We may therefore suppose that the sustained turning posture is due to the continuous output of appropriate nerve impulses from the central ganglia. The magnitude of the critical increment does not agree with that found for some instances of frequency of"nerve center discharge" in arthropods (Crozier, 1924-25) , but does agree with the value of ~ which may be calculated for several other processes in which oxidations are involved, even when "nerve center" activity may be supposed the governing agency (cf. Crozier, 1924-25) . The analogy is not a very remote one, because there is indication that in gasteropods the peripheral organs contain nervous structures adequate for autonomous local behavior, but brought secondarily under the control of impulses from central ganglia (Crozier and Arey, 1919) .
The velocities of creeping associated with the turning postures above 15°are in a rough way inversely proportional to the amplitudes of the turning postures. We may assume that at each temperature the animal is creeping as fast as the circling mechanism will permit. At each temperature, then, the reciprocal of the linear creeping velocity might be a measure of the magnitude of the "brake" against which the pedal organ operates. When Limax lifts its own weight by creeping vertically upwards, it works constantly against I I a "brake;" the critical increment for pedal activity (frequency of pedal waves) at constant velocity of vertically upward creeping is # = 10,700, between 11 ° and 28°C. (Crozier and Pilz, 1923-24) . Fig. 8 shows that the reciprocal of the creeping speed above 15 ° has a critical increment u = 10,900, as nearly as can be told. This would seem to indicate that the "slowing down" of creeping is governed by the inability of the intrinsic pedal mechanism to keep pace with the augmented tendency to turn. This agrees with the preliminary assumption made in this discussion, namely that above 15 ° the tendency to turn is in dominant control of the animal movements. Below 15 ° the critical increment for velocity of linear progression is u =16,800; the curve C D in Fig. 6 is the curve of the Arrhenius equation with this value of the constant. The complexity of the creeping act, involving frequency of the pedal waves and their individual efficiency (Crozier and Pilz, 1923-24) , is such that a very precise fit cannot be expected. The agreement with the value of the critical increment for amplitude of turning above 15 ° indicates that the limiting event is of similar type. In this lower temperature range, the amplitude of turning is conceived Velocity or creeping, era.per rain. FIG. 9 . At temperatures up to about 15 ° the reciprocal of the amplitude of turning movements is directly proportional to the velocity of creeping. to be limited merely by the velocity of creeping. The latter is determined by (1) the frequency of impulse discharges initiating pedal waves, and (2) by the temperature. The tendency to turn is being continually excited by the constant action of the light. The fully developed amplitude of bending is'therefore limited merely by the speed of progression. As Fig. 9 shows, within this range the reciprocal of the turning amplitude is proportional directly to the associated linear velocity.
PtIOTOTROPIC CIRCUS MOVEMENTS OF LIMAX V.
The foregoing account makes it appear probable that for the study of circus movement as a function of light intensity, the experiments with Limax should properly be made at temperatures well above 15°C. The measurement of the tendency to orient must involve consideration of the relationship between the orientation and creeping. Below 15 ° the amount of circling is determined very largely by the speed of creeping. The effect of light upon the latter activity is not suitable for measurement. The result of continuous asymmetric illumination is to produce, continuously, impulses which maintain heightened tonus of the musculature of the "blind" side and relaxation on the opposite side. When the animal is creeping with less than a certain critical velocity, the amplitude of bending becomes simply inversely proportional to speed of creeping; its exact amount is therefore no direct measure of the influence of the light. The critical velocity of creeping, the light intensity being constant, is determined chiefly by the temperature, which controls the frequency of impulses resulting in pedal waves. Above 15 ° , the intrinsic pedal mechanism does not receive central nervous impulses adequate to prevent the expression of similar impulses directed to the parietal musculature. At a given temperature (above 15 °) this expression of the orientation tendency is a function of the light intensity (Crozier and Cole) , itself controls the velocity of linear progression, and is thus a satisfactory measure of the orienting effect. That the turning posture does check the velocity of progression is very definitely shown by the fact that at, say, 2 4 ° a Limax known through other tests to be in a phase of complete non-reactiveness to light creeps at a rate three or more times as fast as a similar animal circling normally. The nature of the central interconnecfions between creeping and turning mechanisms is further illustrated by the fact that a strychninized Limax creeps continuously and with high velocity; the drug releases the pedal waves from central inhibitory control. 1 The precision of the relation between temperature and degrees turned per cm. of path shows that this measureof orientation, above 15 °, is a delicate index of influences which affect the tonus of muscle groups involved in orientation.
VI.
The relations between temperature and the phototropic circling movements of Limax are probably important for a point which is believed to be of some general significance. For the duration of the reflex tonic immobility in the isopod Cylisticus , it was found that the critical thermal increment below 15°C. differs materially from that obtained above this temperature (Crozier and Federighi, 1923-24) . It was pointed out in a preliminary way that this abrupt change in the relation to temperature probably signifies that a different chemical reaction has become the governing process in the series of events determining the duration of the act of immobility. It can be shown how in a catenary system this result may be obtained. This type of alteration in the curve relating temperature to the velocity of vital reactions is not unusual (Crozier, 1924-25) . The behavior of Limax supplies a gross physical model of the kind of dynamical situation which has been pictured in the central nervous operations of Cylisticus and which seems to obtain in a number of other processes. Beginning at a low temperature, the rate of creeping, determined by the activity of the pedal organ, is found to increase as the temperature is elevated. The critical increment is # = 16,800. At about 15 ° the expression of the velocity of the central nervous activity underlying the rate of discharge from the pedal ganglion becomes about equivalent, dynamically, to that which determines the differential muscle tensions effecting turning. Beyond 15 ° , the pedal mechanism is in secondary place; the slug then creeps as fast as its tendency to turn will permit--the turning mechanism becomes the controlling element in behavior. At about 15 ° the "turning impulse" has, so to speak, overtaken the creeping tendency. The difference between this model and a system of interconnected chemical events having diverse temperature characteristics must not be lost sight of. In a catenary system the speed of the slow process determines the magnitude of the total velocity, hence the slowest process has control. In our Limax model the phenomenon of greater amplitude, as determined by the temperature, controls the end-result; and when the curves connecting each effect with the temperature "intersect" in the neighborhood of a particular temperature a profound change becomes apparent in the net result when observed over a range of temperatures on either side of this critical point.
VII.
There are conceivably two ways in which the variability of response in animal conduct may be regarded. Variability (unpredictability) may be taken as a category, and used as the foundation of a theory of behavior; or one may attempt to analyze it. The former is that method sometimes referred to as anthropomorphism. It has not led to useful results. The analysis of variability of response has scarcely begun. It may be assisted in an important respect by the consideration of such instances as the one we have discussed.
The essence of the situation is this: experiment with Limax over a range of temperatures shows that in the execution of circus movements under light of constant intensity two chief factors are involved--the rate of creeping, and the amplitude of turning. The structural basis for each element of the response is distinct, but the two are interrelated in various ways. Within a certain zone of temperatures in the neighborhood of 15 ° and 16°C., which probably would be commonly taken as "normal" for this animal, the response is distinctly more variable, quantitatively, than at temperatures either higher or lower. In this zone of "normal" temperature conditions, the dynamical balance between the tendency to creep and the tendency to turn is close to a critical point. Slight circumstances may determine in particular instances which of these two tendencies is dominant. Hence the relatively great variation in individual results. At higher temperatures the turning mechanism is in control, and the animal creeps only so fast as the inner mechanism of turning will permit. At lower temperatures the amount of turning is limited merely by the speed of creeping.
It follows that under natural environmental conditions certain types of variability in response may be conceived to result from the fact of delicate dynamic equilibrium among processes which (in effect) c~mpete for control of the animal's mechanisms of movement. And the especially curious principle ensues, that for the real understanding of the elements determining animal conduct it is almost essential, therefore~ to place the organism under distinctly "abnormal" conditions such as are favorable to the expression now of this, now of another element in the normal nexus.
VIII.
SUMMARY.
1. The theory of animal phototropism requires for particular instances a knowledge of the action of light as exerted through each of two bilaterally located receptors functioning singly. The measurement of "circus movements" which this involves must be concerned with such aspects of the reaction as are demonstrably dependent upon the effect of light.
2. The negatively phototropic slug Limax rnaximus exhibits very definite and continuous circus movement under vertical illumination when one eye-tentacle has been removed. The amplitude of the circling movement, measured in degrees deflection per cm. of path as an index of maintained differential tonus, is intimately related to the concurrent velocity of creeping. Analysis of the orienting mechanism is facilitated by the fact that in gasteropods such as Limax the animal creeps by means of the pedal organ, but orients (turns) by a totally distinct set of muscles in the dorsal and lateral regions of the body wall.
3. The expression of the phototropic orienting tendency, with illumination constant, is greatly influenced by the temperature. Above a zone centering at 15 °, the amplitude of turning (degrees per cm. of path) is determined by the temperature in accurate agreement with Arrhenius' equation for chemicM reaction velocity, with the critical increment ~ = 16,820; and the rate of creeping is progressively less as the temperature rises, ~ for its reciprocal being 10,900. Below 15 ° , the velocity of creeping becomes less the the lower the temperature, ~ being again 16,800; while the amplitude of orientation is limited merely by the velocity of creeping, its reciprocal being directly proportional thereto.
4. Measurements of Limax circus movements in terms of turning deflection as function of light intensity must therefore be carried out at a temperature well above 15 °.
